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1 .  

ABSTRACT 

e 

Three c l a s s e s  of models fo r  the  atmosphere of Mars a r e  compared. 

They a r e  c a l l e d  Fa, F1, and E models, by analogy wi th  the  formation 

of these ionized l a y e r s  i n  the  e a r t h ' s  upper atmosphere, 

models, CO is  d i s s o c i a t e d  by so la r  u l t r a v i o l e t  r a d i a t i o n  a t  approximately 

70 km a l t i t u d e ,  and atomic oxygen predominates above 80 km when d i f f u s i v e  

sepa ra t ion  is  assumed t o  s t a r t  near the  d i s soc ia t ed  reg ion .  The p r i n c i p a l  

i o n  i n  the  main daytime ionospheric l a y e r  measured by Mariner I V  would 

thus  be O+, and the  tops ide  of t he  l a y e r  would be isothermal  a t  approxi- 

m a t e l y  90 O K ,  t o  correspond with the  observed cons t an t  plasma scale he igh t  

of about 26 km. The mesopause temperature minimum would be a t  o r  below 

the f r eez ing  p o i n t  of C02, and dry i c e  p a r t i c l e s  would be expected t o  

form. I n  the  F1 models, molecular c o n s t i t u e n t s  predominate i n  the  

upper atmosphere to  an a l t i t u d e  of approximately 225 km, and molecular 

i ons  (C02 , CO', o r  0 ') formed by solar u l t r a v i o l e n t  r a d i a t i o n  and 

var ious  chemical r e a c t i o n s  would make up the ionospheric  l a y e r s .  The 

temperature i n  the  isothermal  he ight  region (125 t o  approximately 225 km) 

would thus be between about 150 and 250 OK, depending on c o n s t i t u e n t s .  

I n  the  E model proposed by Chainberlain and XcElroy, t he  main i o n i z a t i o n  

l a y e r  i s  assumed t o  be formed by s o l a r  X-rays i n  a mixed upper atmosphere. 

Temperature g r a d i e n t s  would be required above t h e  i o n i z a t i o n  peak t o  

conduct energy down from regions heated by s o l a r  u l t r a v i o l e t  r a d i a t i o n ,  

w i t h  t he  temperature reaching  400 OK a t  about 250 km a l t i t u d e .  The mass 

d e n s i t y  i n  the  upper atmosphere f o r  t he  E model would be more than two 

o r d e r s  of magnitude l a r g e r  than f o r  t he  F1 models, and about 1 0  t i m e s  

t h e  mass d e n s i t y  a t  the same a l t i t u d e s  i n  the  F models. W e  conclude 

t h a t  t he  

r e a c t i o n  which is  c r i t i c a l  i n  def in ing  a p a r t i c u l a r  F2 model. However, 

an F1 model might r e s u l t  i f  photodissoc ia t ion  and d i f f u s i v e  sepa ra t ion  

a r e  markedly less than would be expected by analogy wi th  the  e a r t h ' s  

upper atmosphere. The E model appears  very u n l i k e l y  t o  us .  I t  was 

introduced by Chamberlain and McElroy p r imar i ly  because t h e i r  temperature 

2 In  the  F 
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models f i t  theory and observa t ion  b e s t ,  and i d e n t i f y  the  
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F2 computations are n o t  c o n s i s t e n t  w i t h  the  temperature p r o f i l e s  of 

and F1 models such as discussed he re .  However our heat-budget com- 

p u t a t i o n s  i n d i c a t e  markedly lower temperatures and temperature g r a d i e n t s  

for t h e  atmospheric r eg ion  probed by Mariner I V ,  and w e  conclude t h a t  

n e i t h e r  the  Fa nor F1 models can be r u l e d  o u t  from such admi t ted ly  

incomplete phys i ca l  ana lyses .  Also, t he  temperature p r o f i l e  f o r  t h e  E 

model is  n o t  compatible wi th  t h e  measured plasma scale h e i g h t  u n l e s s  very  

u n l i k e l y  and a r b i t r a r y  assumptions a r e  made about t h e  change wi th  h e i g h t  

of t he  va lues  of t h e  e f f e c t i v e  recombination c o e f f i c i e n t  and the  average 

i o n  mass. 
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. .  

I. GENERAL DISCUSSION 
* -  

The obse rva t iona l  evidence provided by Mariner I V  (1) has  l e d  t o  t h r e e  

markedly d i f f e r e n t  types of models f o r  the  Martian atmosphere. They d i f -  

fer i n  p a r t i c u l a r  i n  expla in ing  the  c h a r a c t e r i s t i c s  of the  main i o n i z a t i o n  

l a y e r  observed i n  the atmosphere of Mars over E lec t r i s ,  near  50' S l a t i t u d e  

and 177O E longi tude  a t  1300 l o c a l  t i m e  i n  l a t e  win ter .  

the formation of i o n i z a t i o n  l aye r s  i n  the  e a r t h ' s  upper atmosphere, w e  

s h a l l  denote  these  three c l a s s e s  of models as 

By analogy wi th  

F2, F1, and E. 

The F2 or Bradbury models rest on the  assumption t h a t  the  observed 

i o n i z a t i o n  peak r e s u l t s  from a r ap id  upward decrease  of the  ion  recombina- 

t i o n  l o s s  c o e f f i c i e n t ,  toge ther  wi th  downward plasma d i f f u s i o n ,  In  t h e  

F2 models, the  e l e c t r o n  dens i ty  peak is  above t h e  reg ion  where most of 

t h e  e l e c t r o n  product ion and recombination occur.  

The F1 and E models a re  based on t h e  assumption t h a t  t he  observed 

i o n i z a t i o n  p r o f i l e  is  a Chapman l a y e r  where the peak co inc ides  wi th  the  

e l e c t r o n  product ion peak caused by s o l a r  W and X-rays, r e s p e c t i v e l y .  

The i n t e r p r e t a t i o n  of t h e  Mariner d a t a  i n  terms of F2 and F1 

models was f i r s t  suggested by t h e  r a d i o  occu la t ion  team ( 2 ,  3) and l a t e r  

expanded upon by Fjeldbo e t  a1 ( 4 ) .  In  each case, the  F2 explana t ion  

w a s  favored.  N u m b e r  d e n s i t y  and temperature p r o f i l e s  f o r  these  models a r e  

shown ic Figs. 1 and 2. A d i f f e r e n t  F2 model has  been proposed by 

Johnson (5) ,  and d i scuss ions  r e l a t i v e  t o  o t h e r  

by Donahue ( 6 )  and by Smith and Beut le r  ( 7 ) .  

have o f f e r e d  an E model, and the number d e n s i t y  and temperature p r o f i l e s  

f o r  t h e i r  model are a l s o  shown in F igs .  1 and 2 .  While r a t h e r  p a r t i c u l a r  

F2, F1, and E models a r e  shown i n  the  f i g u r e s  and d iscussed  below, most 

of the arguments presented  here are app l i cab le  t o  a gene ra l  comparison of 

t h e s e  t h r e e  classes of models. 

F1 models have been given 

Chamberlain and McElroy (8) 

Below about 30km a l t i t u d e ,  t he re  is n o t  much l a t i t u d e  i n  determining 

t h e  n e u t r a l  number d e n s i t y  and temperature p r o f i l e s  from the  measured 

r e f r a c t i v i t y  s i n c e  the atmosphere must c o n s i s t  almost e n t i r e l y  of 

(1). A t  ionospheric  he igh t s ,  t he  i n t e r p r e t a t i o n  of the r a d i o  occu la t ion  

d a t a  appears  t o  be cons iderably  more ambiguous, wi th  proposed n e u t r a l  

c02 
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FIG. 1. NUMBER DENSITY VS. ALTITUDE FOR THREE DIFFERENT ATMOSPHERIC 
MODELS. 
immersion into occulation. The E model was taken from Ref. 8. 

The Fa and F1 models apply to the location and time of 
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SAMPLE COMPUTED 
THERMOPAUSE 

TEMPERATURE (see text 1 

c 

, 

TEMPERATURE ( O K )  

FIG. 2. TEMPERATURE VS. ALTITUDE FOR THREE DIFFERENT ATMOSPHERIC MODELS. 
The F2 and F1 models apply to the location and time of immersion into 
occulation. The E model was taken from Ref. 8. 
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number d e n s i t i e s  d i f f e r i n g  by  f a c t o r s  up t o  lo4 and suggested upper 

atmospheric temperatures varying from below 100 t o  more than 400 OK. 

The f u l l  drawn curves  of Figs.  1 and 2 apply  t o  an F2 model. In  

t h i s  model ( 3 ,  4 )  carbon d ioxide  is  d i s s o c i a t e d  i n t o  atomic oxygen and 

carbon monoxide a t  about 70 km a l t i t u d e .  Above t h e  d i s s o c i a t i o n  r eg ion  

0, CO, and C02 

l i g h t e s t  c o n s t i t u e n t  (0) predominates i n  t h e  upper atmosphere. 

i o n i z a t i o n  peak (120 km a l t i t u d e ) ,  

by equa t ing  t h e  photo i o n i z a t i o n  ra te  and the r a t e  of downward plasma 

d i f f u s i o n .  The CO d e n s i t y  a t  t h i s  a l t i t u d e  w a s  es t imated  by equat ing  t h e  

r a t e s  of d i f f u s i o n  and recombination loss of e l e c t r o n s .  The l i m i t i n g  

recombination l o s s  mechanism a t  the i o n i z a t i o n  peak used f o r  t h i s  model is  

O+ + CO + 0 + CO, w i th  a r a t e  c o e f f i c i e n t  of 10 c m  /sec (3 ,  4 ) .  

Below the  d i s s o c i a t i o n  region, t h e r e  might be l a y e r s  of O2 and 

a r e  assumed t o  be i n  d i f f u s i v e  equ i l ib r ium so  t h a t  the  

A t  t h e  

the  atomic oxygen d e n s i t y  was determined 

2 

+ -9 3 
2 2 

O3 ( 9 ) .  

e x t e n t  of mixing can  only  be es t imated  based on ana logies  w i t h  t he  e a r t h ' s  

atmosphere ; thus ,  t h e  a c t u a l  

However, t h e  chemical r e a c t i o n  r a t e s  a r e  poor ly  known and the  

O2 and 0 d e n s i t i e s  a r e  unce r t a in .  3 

F2 Above t h e  i o n i z a t i o n  peak the atmospheric temperature f o r  the  

model was determined from the  observed plasma s c a l e  he igh t  assuming 

thermal equ i l ib r ium betl.veen the plasma components and the  n e u t r a l  gas.  

(The p re l imina ry  work (1) indica ted  a plasma scale he igh t  of about 20 t o  

25 hn, whi ie  our i a t e r  and more complete a n a l y s i s  g ives  23 t o  29 km. This 

spread is  mainly due t o  v a r i a t i o n s  i n  data taken a t  d i f f e r e n t  t r ack ing  

s t a t i o n s .  ) 
Between approximately 30 and 100 km a l t i t u d e  above Elec t r i s ,  t he  

r e f r a c t i v i t y  w a s  t oo  low t o  be de tec t ed .  However, one can u t i l i z e  t h e  

temperature and d e n s i t y  of C02 

temperature f o r  t h i s  in te rmedia te  r eg ion  ( 4 ) .  

heat ba lance  computations d iscussed  below, w e  p u t  t h e  mesopause tempera- 

t u r e  minimum a t  an a l t i t u d e  corresponding t o  a d e n s i t y  l e v e l  of about 

above and below t o  determine t h e  average 

Based on the  t h e o r e t i c a l  

cm-3. 

The F2 temperature p r o f i l e  shown i n  F ig .  2 d i p s  below the  s a t u r a t i o n  

temperature f o r  C02 vapor. I t  is  w e l l  known t h a t  supercool ing  of H20 

d r o p l e t s  takes p l a c e  i n  our  own atmosphere and an analogous s i t u a t i o n  

might conceivably e x i s t  on Mars w i t h  regard  t o  

would be t h a t ,  s i n c e  the pressure  i s  lower than  the  t r i p l e  p o i n t ,  CO2 

C02. The main d i f f e r e n c e  

- 4 -  SEL-66-054 



remains i n  the  gas  phase r a t h e r  than  i n  t h e  l i q u i d  phase.  I f ,  on the  

o t h e r  hand, t h e  subl imat ion time were s h o r t e r  than the  d i f f u s i o n  t i m e  i n  

t h i s  reg ion  of t he  atmosphere, one ulould a n t i c i p a t e  t h e  formation of 

p a r t i c l e s  so t h a t  the temperature p r o f i l e  might fo l low approximately the  

s a t u r a t i o n  temperature f o r  C02 vapor ( 4 ) .  This e f f e c t  might he lp  

e x p l a i n  some of the haze and p a r t i c l e  l a y e r s  observed w i t h  earth-based 

t e l e scopes  and wi th  the  Mariner I V  TV camera, and perhaps a l s o  why 

p res su re  e s t ima tes  based on o p t i c a l  s c a t t e r i n g  from the  atmosphere of 

Mars gave a s u r f a c e  p re s su re  approximately one o rde r  of magnitude l a r g e r  

than the va lues  obta ined  from the occu la t ion  experiment,  and the more 

r e c e n t  spec t roscopic  observa t ions .  

c02 

The low temperatures requi red  f o r  t he  F2 
model of F igs .  1 and 2,  

i n  the atmospheric reg ion  between 30 and 100 km a l t i t u d e ,  a r e  a r e s u l t  

of t he  h igh  va lue  measured f o r  t he  rate c o e f f i c i e n t  f o r  t h e  charge 

rearrangement r e a c t i o n  between O+ and C02 (4 ) .  However, t h e r e  a r e  

a lso o t h e r  cons ide ra t ions  t h a t  suggest  a co ld  in te rmedia te  reg ion  i n  t h e  

Martian atmosphere. Ohring has, for i n s t ance ,  made r a d i a t i v e  t r a n s f e r  

computations f o r  the  lower atmosphere and obta ined  s t r a t o s p h e r i c  tempera- 

t u r e s  below t h e  s a t u r a t i o n  temperature f o r  co2 vapor (10). S imi l a r ly ,  

e a r l i e r  hea t  balance c a l c u l a t i o n s  f o r  t h e  upper atmosphere, repor ted  by 

Chamberlain, gave a mesopause temperature of 76 "K (11). However, 

Chamberlain and McElroy ( 8 )  have objec ted  t o  i n t e r p r e t i n g  the observed 

i o n i z a t i o n  peak a s  an F2 

t h e o r e t i c a l  e s t ima tes  y i e l d  a thermopause temperature  a t  l e a s t  4 times 

l a r g e r  than  t h e  approximately 100 OK requi red  f o r  t h e  F2 model. (On 

the  o t h e r  hand, see t h e  r e s u l t s  and d i scuss ion  below of o the r  tempera- 

t u r e  computat ions.)  

be i n t e r p r e t e d  a s  an E reg ion  produced by s o l a r  X-rays. The number 

d e n s i t y  and temperature  p r o f i l e s  f o r  t h e i r  model a r e  shown by  t h e  do t t ed  

curves  i n  F igs .  1 and 2 .  

region p r i m a r i l y  on t h e  grounds t h a t  t h e i r  

Instead they suggest t h a t  the  i o n i z a t i o n  peak should 

To avoid the  formation of an F2 i o n i z a t i o n  peak, Chamberlain and 
+ 

McElroy assume t h a t  the upper atmosphere i s  mixed and t h a t  

predominant ion  i n  t h e  upper regions of t he  observed l a y e r .  For com- 

pa r i son ,  one might no te  t h a t  the e a r t h ' s  atmosphere is  mixed only  up t o  a 

2 d e n s i t y  l e v e l  of about 1 O I 2  t o  l O I 3  ~ m - ~ ,  wh ich  occurs  w e l l  below the  

and F1 reg ions .  

C02 is  t h e  

F 
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.. 

The absence of an F1 ion iza t ion  peak a t  about 200 k m  a l t i t u d e  i n  

Chamberlain and McElroy's model r e q u i r e s  t he  e f f e c t i v e  recombination 

c o e f f i c i e n t  t o  be l a r g e r  a t  t h i s  a l t i t u d e  than i n  t h e  E reg ion  below, 

whi le  i n  the e a r t h ' s  atmosphere i t  decreases  with a l t i t u d e .  In t h e i r  

Martian F1 region the  e l ec t ron  product ion r a t e  and e l e c t r o n  number 

d e n s i t y  a r e  of the  order  of 10 cm sec  and 10 cm , r e spec t ive ly .  

Thus, an e f f e c t i v e  recombination c o e f f i c i e n t  of about 10  

be necessary i n  order  t o  account f o r  t he  low e l e c t r o n  d e n s i t y  a t  t h i s  

a l t i t u d e .  This value is 3 to  4 o rde r s  of magnitude g r e a t e r  than the  

e f f e c t i v e  recombination c o e f f i c i e n t  a t  corresponding dens i ty  l e v e l s  i n  

the earth's atmosphere, and is  2 t o  3 orde r s  of magnitude l a r g e r  than the  

c e n t r a l  va lues  given by Nawrocki and Papa (12)  f o r  d i s s o c i a t i v e  recombina- 

3 -3 -1 4 -3 

-5 3 c m  /sec would 

+ 
t i o n  of co2 . 

However, our major ob jec t ion  t o  an E reg ion  hypothes is  is  t h a t  i t  

is d i f f i c u l t  to  make i t  compatible wi th  the  cons t an t  plasma s c a l e  h e i g h t  

observed above the  i o n i z a t i o n  peak. The measured two-way phase pa th  da t a  

can  be presented i n  such a way a s  t o  compare i t  d i r e c t l y  wi th  assumed 

scale he igh t s ,  f o r  a s p h e r i c a l l y  symmetrical ionosphere,  This has been 

done i n  Fig.  3, where i t  is  seen  t h a t  the  plasma s c a l e  he igh t  is  very 

n e a r l y  cons t an t  from j u s t  above the  peak, a t  120 km, t o  an a l t i t u d e  of 

200 and perhaps even t o  250 km, o r  over a h e i g h t  range of 3 t o  5 plasma 

scale he ights .  Over t h i s  same he ight  range,  Chamberlain and McElroy 

sugges t  an inc rease  i n  temperature by a f a c t o r  of about 2.5. In  order  t o  

maintain a cons t an t  plasma s c a l e  h e i g h t  i n  their model i t  would be neces- 

s a r y  f o r  the average ion mass t o  i nc rease  w i t h  a l t i t u d e .  With a cons t an t  

recombination c o e f f i c i e n t  within the F1 reg ion ,  the  ion  mass would need 

to  be approximately 55 and 65 a t  200 and 220 km a l t i t u d e ,  r e s p e c t i v e l y ,  

f o r  a mean plasma s c a l e  h e i g h t  of 26 km.  

If the upper atmosphere of Mars c o n s i s t s  p r imar i ly  of molecular con- 

s t i t u e n t s  (such a s  C02,  CO, or 0 ), t he  i o n i z a t i o n  peak might be produced 

by s o l a r  UV f l u x .  This t h i r d  a l t e r n a t i v e ,  denoted a s  the  F1 model, is 

a l s o  ind ica t ed  i n  Figs .  1 and 2 ,  assuming 100% CO 

i o n i z a t i o n  peak occurs  a t  a n e u t r a l  d e n s i t y  of about 1 0  cm where the 

s l a n t  o p t i c a l  depth i n  the  u l t r a v i o l e t  p a r t  of the spectrum i s  u n i t y .  

2 

In  t h i s  model, t he  
10 -3 2 '  
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Both the E and F1 hypotheses d iscussed  he re  r e q u i r e  mixing o r  

n e g l i g i b l e  d i s s o c i a t i o n  of C02 i n  order  t o  avoid the  preponderance of 

atomic oxygen i n  the  reg ion  where the  da t a  show a cons t an t  plasma s c a l e  

he igh t .  This i s  one of t he  reasons w e  f avor  the  F2 model (3, 4 ) .  Com- 

pa r ing  only the  F1 and E models ,  w e  sugges t  t h a t  t he  F1 is  more 

a t t r a c t i v e  because: 

(1) N o  apprec iab le  temperature g rad ien t s  a r e  expected on the tops ide  

of the 

lower a l t i t u d e s .  Thus, the  tops ide  plasma s c a l e  he igh t  would be 

cons t an t  without  making any improbable assumptions about t he  

a l t i t u d e  v a r i a t i o n s  of t he  ion  mass and the  recombination 

c o e f f i c i e n t .  

F1 
peak s ince  m o s t  of t he  solar f l u x  is absorbed a t  

(2 )  I n  the  F1 reg ion  of the  F1 model, t he  recombination c o e f f i -  
-7 3 -5 c m  /sec as compared wi th  1 0  c i e n t  would need t o  be about 1 0  

c m  /sec i n  t h e  F1 region of t he  E model. This lower value 

is i n  b e t t e r  agreement with the  va lue  expected for d i s s o c i a t i v e  

3 

+ 
recombination of co2 (12) .  

SEL -66 -054 



11. THE HEST BUDGET O F  THE UPPER ATMOSPHERE 

In order  t o  understand the phys ica l  reasons f o r  the  small  plasma 

s c a l e  he igh t  and t o  he lp  reso lve  the  ambigui t ies  i n  the  i n t e r p r e t a t i o n  of 

the occu l t a t ion  d a t a ,  w e  have s tudied the  h e a t  budget of the Martian ther -  

mosphere. Many similar s t u d i e s  have been conducted i n  the  p a s t  both f o r  

the e a r t h  and f o r  the p l a n e t s  (11, 13), and some of these i n v e s t i g a t i o n s  

have provided a very use fu l  foundation f o r  our work. 

In  t h i s  r e p o r t ,  w e  s h a l l  r e s t r i c t  ourse lves  t o  a d i scuss ion  of the  

thermal s t r u c t u r e  t h a t  p reva i led  i n  the ionospheric  reg ion  probed by the  

telemetry l i n k  during immersion. Following e a r l i e r  s t u d i e s  (11, 13), w e  

n e g l e c t  convect ive and advective t r a n s p o r t  of h e a t  toge ther  with the  

e f f e c t s  of temperature t r a n s i e n t s .  The h e a t  balance equat ion can then 

be w r i t  t en  : 

where 

T =  

h =  

H =  

A 

i h  

E =  

u =  
- 

Ioh - 

TA = 
x =  

n =  
i 

R .  = 
1 

t ezpe ra tu re  

a1  t i t u d e  

thermal conduc t iv i ty  

f r a c t i o n  of absorbed s o l a r  f l u x  converted t o  l o c a l  h e a t  

absorp t ion  c r o s s  sec t ion  for t he  i - t h  c o n s t i t u e n t  a t  wavelength A 
s o l a r  f l u x  a t  the t o p  of the atmosphere 

/h” xi uih ni sec  X dh; o p t i c a l  depth 

s o l a r  z e n i t h  angle a t  noon 

number d e n s i t y  of i - t h  c o n s t i t u e n t  

power l o s s  by r a d i a t i o n  from i - t h  c o n s t i t u e n t .  

Equation (1) expresses  t h a t  i n  a u n i t  volume, t he  divergence of t he  

conducted h e a t  f l u x  is equal t o  the inpu t  h e a t  power a s soc ia t ed  w i t h  

absorp t ion  of s o l a r  f l u x ,  l e s s  what is los t  through i n f r a r e d  r a d i a t i o n ,  
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The f a c t o r  "1/2" i n  f r o n t  of t h e  s o l a r  f l u x  t e r m  takes  i n t o  account,  i n  

an  approximate way, the  f a c t  t ha t  t he  sun only h e a t s  the thermosphere 

f o r  about 12 out  of 24 hours ,  while t he  r a d i a t i v e  cool ing  goes on a l s o  

dur ing  the n igh t .  The temperatures obtained i n  t h i s  manner r ep resen t  

approximately a 24 hour average p r o f i l e .  

In the  r a d i a t i v e  loss terms 

v i b r a t i o n a l  bands a t  15 p, the r o t a t i o n a l  bands of CO, and the  62 p 

( R i ) ,  w e  have included emission i n  the  

C02 
band of the ground s t a t e  of 0 .  The e f f e c t  of the  f i n i t e  atmospheric 

o p t i c a l  depth i n  these bands was a l s o  included. 

The h e a t  balance ca l cu la t ions  de l inea ted  he re  do no t  apply below the  

l e v e l  of v i b r a t i o n a l  r e l axa t ion  which, for  the  F and F1 models of 

F igs .  1 and 2 ,  occurs  a t  approximately 30 km a l t i t u d e .  Below t h i s  reg ion ,  

the thermal s t r u c t u r e  is most l i k e l y  c o n t r o l l e d  by r a d i a t i v e  t r a n s f e r  and 

convection. 

2 

The s o l a r  z e n i t h  angle  e n t e r s  i n t o  Eq. (1) and causes  the  thermopause 

temperature t o  decrease w i t h  increas ing  s o l a r  l a t i t u d e .  This e f f e c t  is  

n o t  obvious i n  the e a r t h ' s  thermosphere, which is one i n d i c a t i o n  t h a t  the 

mathematical model represented  by Eq. (1) i s  overs impl i f ied .  I t  should 

a l s o  be pointed out  t h a t  most of t he  parameters t h a t  e n t e r  i n t o  the 

s o l u t i o n  of Eq. (1) a r e  poorly known and t h i s  in t roduces  a d d i t i o n a l  un- 

c e r t a i n t i e s .  

The fol lowing technique was used i n  so lv ing  the  h e a t  balance equat ion 

wi th  r e s p e c t  t o  the  temperature p r o f i l e :  the atmosphere was divided i n t o  

s t r a t i f i e d  l a y e r s ,  and the  boundary cond i t ions  a t  t he  thermopaused were 

chosen based on the  d e n s i t i e s  and temperatures  given i n  Figs .  1 and 2,  

r e s p e c t i v e l y .  Proceeding downward from the  thermopause, t he  temperature 

and n e u t r a l  d e n s i t i e s  were computed i n  an i t e r a t i v e  manner f o r  each l a y e r .  

The r e s u l t s  of s e v e r a l  such computations c a r r i e d  out  f o r  d i f f e r e n t  thermo- 

pause temperatures a r e  shown i n  Fig. 4. The number d e n s i t i e s  a t  the  

thermopause were taken from the  F2 model shown i n  F ig .  1. ( I t  i s  not 

c r i t i c a l  a t  which a l t i t u d e  the thermopause boundary is  s e l e c t e d ,  a s  long 

a s  i t  is  w e l l  above the  

With a boundary condi t ion  f o r  t h e  temperature p r o f i l e  of about 100 O K  a t  

the thermopause, t he  atmosphere i s  seen t o  be too co ld  t o  conduct the  

h e a t  f l u x  downward t o  reg ions  where i t  may be r a d i a t e d  away. 

F1 region where the  s o l a r  UV f l u x  is  absorbed.)  

A 200 O K  

- 10 - SEL-66-054 



d 

20 

40 

60 

80 

100 

I 20 

TEMPERATURE ( O K )  

50 IO0 I50 200 250 300 

F I G .  4 .  TEMPERATURE V S .  DISTANCE BELOW THE THERMOPAUSE FOR A SAMPLE O F  
THEORETICAL HEAT BALANCE CALCULATIONS DISCUSSED I N  THE TEXT. The 
d e n s i t y  a t  t h e  mesopause, which i s  t h e  a l t i t u d e  of minimum temperature 
near  t h e  base of t h e  thermosphere, i s  about 1013 c m - 3 .  

- 11 - 

~~ ~ 

SEL-66-054 



temperature a t  t h e  thermopause is, on the  o t h e r  hand, too  h igh ,  and would 

r e q u i r e  a l a r g e  h e a t  f l u x  from below i n  o rde r  t o  r e p l a c e  what is  l o s t  

through r a d i a t i o n .  However, a thermopause temperature of about 130 OK 

gave a reasonable  temperature p r o f i l e  f o r  t h i s  sample computation. The 

temperatures i n  the mesosphere a r e  seen t o  be very  s e n s i t i v e  t o  changes 

i n  the boundary cond i t ions  a t  the  thermopause. However, t h e  important 

p o i n t  t o  be noted here is n o t  t h e  a c t u a l  shape of the p r o f i l e  i n  the meso- 

sphere ( s i n c e  t h e r e  a r e  many complex processes a f f e c t i n g  the  temperature 

i n  t h i s  r e g i o n ) ,  bu t  t he  f a c t  t h a t  these c a l c u l a t i o n s  y i e l d  a thermopause 

temperature t h a t  is  between the approximately 100 ' K r equ i r ed  f o r  t h e  

model and the  250 OK r equ i r ed  for  the F1 model. 
F2 

The temperature c a l c u l a t i o n s  descr ibed  h e r e  were repea ted  f o r  s e v e r a l  

d i f f e r e n t  sets of i n p u t  parameters (photo abso rp t ion  cross s e c t i o n s ,  s o l a r  

f l u x ,  e f f i c i e n c y  of hea t ing ,  e t c . )  and boundary d e n s i t i e s  a t  t he  top  of 

t he  thermosphere. For i n s t ance ,  i n  some of these c a l c u l a t i o n s ,  the  upper 

atmosphere was assumed t o  c o n s i s t  of 100% which corresponds t o  t h e  

F1 
temperature than shown i n  F ig .  4 because the conduc t iv i ty  of C02 is  lower 

than f o r  0 and a l s o  because t h e r e  is  no CO i n  the F1 model t h a t  can 

h e l p  r a d i a t e  t h e  h e a t  away. However, f o r  a l l  of t hese  computations, the  

thermopause temperature over E l e c t r i s  came o u t  between 130 and 280 OK. 

Thus, t he  conclus ion  remains the same (14 ) .  

C02,  
model of F igs .  1 and 2 .  This assumption gave a h igher  thermopause 

With some convection and perhaps r a d i a t i o n  by c o n s t i t u e n t s  o t h e r  

t h e  temperature might presumably be even lower than Cog, CO, and 0, 

than the  130 OK shown i n  F ig .  4 ,  and thus  be i n  agreement w i t h  t h e  

model. However, i f  the plasma temperature were h igher  than the n e u t r a l  

g a s  temperature du r ing  the  measurement, the  model of F igs .  1 and 2 

might be i n  best agreement w i t h  these e s t i m a t e s .  

F2 

F1 

When w e  keep i n  mind t h e  s i m p l i f i c a t i o n s  used i n  these temperature 

s t u d i e s ,  and the number of unce r t a in  parameters t h a t  e n t e r  i n t o  the 

problem, i t  i s ,  i n  our opin ion ,  n o t  p o s s i b l e  t o  reject  e i ther  the  

or t h e  F1 model on t h e  b a s i s  of heat-balance e s t i m a t e s .  On t h i s  p o i n t ,  

our work d i f f e r s  markedly f r o m  the r e s u l t s  of Chamberlain and McElroy, 

who c la im t h a t  the  temperature on top of t h e  thermosphere must be a t  

l e a s t  400 OK (8 ) .  There a r e  seve ra l  reasons  for  t h i s  l a r g e  disagreement:  
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. 
(1) Our c a l c u l a t i o n s  were made us ing  a s o l a r  z e n i t h  angle  (x) of 

6 7 O ,  which a p p l i e s  to  condi t ions  where the  Martian ionosphere 

was a c t u a l l y  probed. Chamberlain and McElroy used x = 60'. 

(2 )  Rad ia t ive  coo l ing  i s  more e f f i c i e n t  i n  t h e  lower thermosphere of 

(and a l s o  our models s ince  they have a h igher  abundance of 

more CO i n  the  c a s e  of t h e  F2 model) than Chamberlain and 

McElroy's model, which has 56$ N2 and 44% C02. 

percent  age of N2 

he ight  (9km) measured i n  t h e  lower n e u t r a l  atmosphere over 

E lec t r i s  because it might r e q u i r e  t h a t  C02 be supe r sa tu ra t ed  

i n  t h i s  r eg ion .  It a l s o  g i v e s  rise t o  poor agreement between t h e  

surface pressures obtained from the occu la t ion  measurements and 

t h e  spec t roscop ic  s t u d i e s  (1, 4 ) .  

C02 

Such a l a r g e  

seems u n l i k e l y  i n  view of t h e  smal l  s c a l e  

(3) The conduc t iv i ty  f o r  atomic oxygen is between 2 and 3 times 

g r e a t e r  than f o r  a mixture of C02 and N2 under equa l  thermal 

cond i t ions ,  and t h i s  a l s o  c o n t r i b u t e s  to the  d i f f e r e n c e  i n  the  

thermopause temperature f o r  the  F2 and E models of F ig .  2 .  

(4 )  In  the  sample c a l c u l a t i o n s  shown i n  F ig .  4 ,  w e  used lower va lues  

f o r  t he  q u i e t  sunspot  minimum s o l a r  f l u x  than employed by Chamber- 

l a i n  and McElroy, based on t a b u l a t i o n s  g iven  b y  Johnson (15). 

The temperature c a l c u l a t i o n s  r epor t ed  he re  show t h a t  t h e  smal l  top- 

s i d e  plasma s c a l e  h e i g h t  can be explained adequate ly  wi th  e i t h e r  t he  F2 
o r  t h e  F1 models. While our resul ts  a r e  q u i t e  d i f f e r e n t  from those of 

Chamberlain and McElroy, they do n o t  prec lude  an E model w i th  a lower 

h igh  l a t i t u d e  thermopause temperature than was u'sed by these  au tho r s .  

On o t h e r  grounds, however, the  E r eg ion  i n t e r p r e t a t i o n  appears  t o  be 

the  l e a s t  p l a u s i b l e  of t hese  th ree  a l t e r n a t i v e s ,  as d iscussed  above. 

Smith and Beu t l e r  ( 7 )  have r e c e n t l y  computed a temperature p r o f i l e  

f o r  t h e  subsolar  r eg ion  of Mars a t  sunspot maximum. They assume t h a t  

0, CO, and C02 

o b t a i n  a thermopause temperature of approximately 400 O K .  

the same number a s  ob ta ined  by  Chamberlain and McElroy, t h e r e  is a c t u a l l y  

a l a r g e  discrepancy s i n c e  t h e i r  computations were f o r  sunspot minimum. 

The temperature r e s u l t s  of Smith and Beu t l e r  a r e  i n  f a c t  i n  very  good 

agreement wi th  the sample computations shown i n  F ig .  4 ,  s i n c e  a simple 

are i n  d i f f u s i v e  equ i l ib r ium i n  the upper atmosphere and 

While t h i s  i s  
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analogy w i t h  t h e  e a r t h ' s  upper atmosphere sugges ts  t h a t  t h e  thermopause 

temperatures  a t  sunspot maximum and minimum should d i f f e r  by more than  a 

f a c t o r  of two. The remaining d i f f e rence  would presumably be explained 

by t h e  l a t i t u d e  e f f e c t .  

Smith and Beu t l e r  a l s o  attempt t o  exp la in  the  small  plasma s c a l e  

h e i g h t  observed by Mariner IV. They suggest  t h a t  t he  observed i o n i z a t i o n  

peak i s  an F -type l a y e r  cons i s t ing  predominantly of O2 and w i t h  a 

temperature of 170 O K  corresponding t o  a 25 km plasma scale h e i g h t .  

However, t h i s  va lue  for  the temperature does n o t  n e c e s s a r i l y  fol low from 

the theory f o r  such a l a y e r .  The O2 i ons  a r e  presumably produced 

mainly by photo ioniza t ion  of 0 followed by a charge rearrangement re- 

a c t i o n  w i t h  CO (0 + C02 + O2 + CO). If so, t h e  plasma s c a l e  he ight  

should be twice the  s c a l e  he ight  of the atomic oxygen p r o f i l e  i n  t h e  

r eg ion  above the  F1 peak where ambipolar d i f f u s i o n  i s  n e g l i g i b l e .  Thus, 

i n  t h i s  reg ion ,  a 25 k m  plasma s c a l e  h e i g h t  would s t i l l  have t o  be i n t e r -  

p re t ed  i n  terms of an 85 OK topside temperature.  

g r e a t e r  a l t i t u d e s  where the l i f e t i m e  of 

+ 
1 

+ 

+ + 
2 

The same is t r u e  a t  

0' becomes g r e a t e r  than t h a t  
+ 

of o2 . 
Donahue ( 6 )  has  a l s o  suggested t h a t  t he  main ionospher ic  l a y e r  

4- observed on Mars is  an F1 region wi th  O2 being the  p r i n c i p a l  i on .  

However, h i s  atmospheric temperature p r o f i l e ,  which is c o n s t a n t  equal  t o  

about  160 O K  below 150 km a l t i t u d e ,  a l s o  appears  t o  be i n c o n s i s t e n t  wi th  

t h e  observed plasma s c a l e  he ight  f o r  s i m i l a r  reasons .  

Another approach toward expla in ing  the small  plasma s c a l e  he igh t  has  

been attempted by Gross e t  a1  (16) .  They assume t h a t  0' i s  the p r i n c i -  

p a l  ion  on the  tops ide  b u t  in t roduce  temperature g rad ien t s  i n  t h i s  reg ion  

i n  o rde r  t o  avoid the  low temperatures.  However, i n  o rde r  t o  exp la in  the  

c o n s t a n t  s c a l e  h e i g h t ,  t h i s  approach would r e q u i r e  a temperature g r a d i e n t  

which is  inc reas ing  exponent ia l ly  w i t h  a l t i t u d e .  Gross e t  a l ' s  tempera- 

t u r e  p r o f i l e s  do n o t  e x h i b i t  t h i s  p roper ty  i n  the  a l t i t u d e  range of 

i n t e r e s t ,  and a d d i t i o n a l  assumptions, such a s  a recombination c o e f f i c i e n t  

t h a t  is  inc reas ing  w i t h  a l t i t u d e ,  would s e e m  necessary  i n  o rde r  t o  exp la in  

the observa t ions .  
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111. EMERSION MEASUREMENTS 

The number d e n s i t i e s  and temperatures of t h e  F2 and F1 models of 

F igs .  1 and 2 were der ived  from the  immersion da ta  obtained over Electr is ,  

which is  a b r i g h t  a r ea  i n  the southern hemisphere of Mars. Measurements 

w e r e  a l s o  made dur ing  emersion from occu la t ion ,  which occurred over Mare 

Acidalium near  60' N l a t i t u d e ,  36O W longi tude ,  and about 2340 l o c a l  t i m e  

i n  l a t e  summer. The emersion data  have been analyzed independently by  

the Jet Propuls ion Laboratory and Stanford Univers i ty  m e m b e r s  of the 

o c c u l t a t i o n  experiment team. Our pre l iminary  va lues  f o r  atmospheric pres -  

s u r e ,  temperature,  and temperature l a p s e  r a t e  near  the su r face  a t  Mare 

Acidalium a r e  about 8.5 mb, 250 O K ,  and 2.5 OK/km, r e s p e c t i v e l y ,  assuming 

lo@ C02.  The tropopause was loca ted  a t  approximately 1 7  km a l t i t u d e .  

These va lues  a r e  i n  good agreement w i t h  the  emersion r e s u l t s  of K l io re  

e t  a1 (17 ) ,  and should be compared w i t h  4 .9  m b ,  180 O K ,  and ze ro  l a p s e  

r a t e  f o r  t he  atmosphere over Electris (50° S, 177O E,  1300 l o c a l  t i m e ,  

l a t e  win te r )  (1). 

the immersion r e s u l t s  because the s p a c e c r a f t  t r a n s m i t t e r  changed i ts  

frequency and mode of opera t ion  i n  the  middle of the  emersion measurements 

( l ) ,  and t h i s  causes  problems in  the  i n t e r p r e t a t i o n  of the  d a t a .  Even so, 

i t  is  d i f f i c u l t  t o  avoid t h e  conclusion t h a t  t he  s u r f a c e  p re s su re  over  

Mare Acidalium w a s  a t  l e a s t  5 6  g r e a t e r  than over  E lec t r i s .  

of t he  r a d i i  of the two occul t ing  f e a t u r e s  (measured from the Martian 

c e n t e r  of mass) have a lso been made, and w e  f i n d  t h a t  the  r a d i u s  a t  

E lec t r i s  (-3384 k m )  is approximately 4 km l a r g e r  than t h e  r a d i u s  a t  

Mare Acidal ium. These c a l c u l a t i o n s  w e r e  based on the "bes t  t r a j e c t o r y "  

determined by the  o r b i t  determinat ion group of the J e t  Propuls ion Lab- 

o r a t o r y ,  a t iming c o r r e c t i o n  supplied by D.  L. Cain of JPL, and the  l i m b  

d i f f r a c t i o n  effects observed during s i g n a l  e x t i n c t i o n  and commencement, 

The r e s u l t s  agree  c l o s e l y  wi th  those of K l io re  e t  a 1  ( 1 7 ) ,  who sugges t  

a 5 km d i f f e r e n c e ,  a va lue  of 3384 km a t  immersion, and p o s s i b l e  e r r o r s  

i n  the  r a d i i  of +3 km a t  immersion and k4 km a t  emersion. 

The emersion va lues  a r e  cons iderably  less c e r t a i n  than 

Ca luc la t ions  

These t e n t a t i v e  r e s u l t s  lead t o  s e v e r a l  i n t e r e s t i n g  and important  

imp l i ca t ions .  The d i f f e r e n c e s  i n  p re s su re  and r a d i u s  both suggest  t h a t  

the Martian maria may be lowlands and t h e  b r i g h t  a r ea  h ighlands .  This  
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q u e s t i o n  is  of cons iderable  i n t e r e s t  w i th  regard  t o  f u t u r e  ins t rument  

l and ings  on Mars, both from s c i e n t i f i c  and engineer ing  cons ide ra t ions .  

However, l o c a l  t e r r a i n  f e a t u r e s  a t  t h e  occu la t ion  p o i n t s ,  g r e a t e r  o b l a t e -  

n e s s  than  a g r a v i t a t i o n a l  e q u i p o t e n t i a l  s u r f a c e ,  and atmospheric c i r c u l a -  

t i o n  p a t t e r n s  might a lso con t r ibu te  t o  t h e  observed d i f f e r e n c e s .  The 

l o w  daytime temperature i n  t h e  lower atmosphere over Electr is  tends  t o  

suppor t  t he  carbon d ioxide  polar-cap theory which has been v igo rous ly  

r ev ived  by Leighton and Murray (18). 

h igh  temperature obta ined  a t  60' N l a t i t u d e  sugges ts  t h a t  t he  r e s i d u a l  

l a t e  summer p o l a r  cap is n o t  l i k e l y  t o  be d r y  ice s i n c e  the  n igh t t ime  

atmospheric temperature was some 100 K above the  s a t u r a t i o n  temperature 

f o r  C02 vapor, and the  l a t i t u d e  s e p a r a t i o n  was less than 30'. W e  a r e  

l e d  t o  t h e  p re l imina ry  suggestion t h a t  t h e  win te r  p o l a r  cap may be 

predominantly dry  ice ,  whi le  t h e  bottom p a r t  of t h e  th i cke r  c e n t r a l  

r eg ion  (19), some of which persists through t h e  summer, may be l a r g e l y  

water ice .  

On the  o t h e r  hand, t he  r e l a t i v e l y  

The n ight t ime ionosphere over Mare Acidalium appa ren t ly  had a d e n s i t y  
3 3 lower than about 5 X 10 e l e c t r o n s  p e r  c m  (1). This upper l i m i t  t o  t he  

e l e c t r o n  number d e n s i t y  does not a f f e c t  any of t h e  models shown i n  F igs .  1 

and 2 ,  s ince they a l l  have s h o r t  enough t i m e  c o n s t a n t s  ( a c t u a l l y  less than 

h a l f  an hour a t  t h e  e l e c t r o n  dens i ty  peak) t o  account f o r  a very  low 

n igh t t ime  i o n i z a t i o n  l e v e l .  
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IV. CONCLUDING REMARKS 

While t h e o r e t i c a l  

of t h e  ion ized  r eg ions  

atmospheric models based on ana log ie s  wi th  any one 

i n  the  e a r t h ' s  upper atmosphere presumably can be 

t a i l o r e d  t o  f i t  t he  main i o n i z a t i o n  l a y e r  de t ec t ed  on Mars, w e  f avor  

models of t he  F2 

i o n i z a t i o n  p r o f i l e  i n  the  most s t r a igh t fo rward  way. However, w e  may 

have overes t imated  t h e  degree of pho tod i s soc ia t ion  and d i f f u s i v e  

separa t ion- -es t imates  which t o  a l a r g e  e x t e n t  a r e  based on ana log ie s  

w i t h  the  e a r t h ' s  atmosphere. If so ,  t h e  i o n i z a t i o n  peak should be iden- 

t i f i e d  a s  an F r eg ion ,  i . e . ,  a Chapman l a y e r  produced by s o l a r  u l t r a -  

v i o l e t  f l u x  (2 ,  3, 4 ) .  W e  suggest t h a t  model atmospheres based on 

p a r a l l e l i s m  between the  Martian i o n i z a t i o n  peak and t h e  t e r r e s t r i a l  E 

(and also  D) r eg ions  should be r e j e c t e d  s ince t h e s e  models a r e  incons i s -  

t e n t  wi th  t h e  tops ide  plasma s c a l e  he igh t  u n l e s s  r a t h e r  u n l i k e l y  

type because they seem t o  account f o r  t he  observed 

1 

assumptions a r e  made 

average ion  mass and 

Arguments based 

used t o  ques t ion  t h e  

However, thermopause 

temperatures der ived  

t h e  upper atmosphere 

be r u l e d  o u t  on t h i s  

about t h e  va lues  and changes wi th  he ight  of t h e  

the  recombination c o e f f i c i e n t .  

on s impl i f i ed  temperature computations have been 

v a l i d i t y  of Fa models, and t o  suppor t  an E model. 

tempera tu re s  f o r  t h e  F2 and F1 models b racke t  

from our s i m i l a r  computations of the  h e a t  budget i n  

over Electr is ,  so t h a t  n e i t h e r  model can appa ren t ly  

b a s i s .  Furthermore, w e  sugges t  t h a t  such h e a t  

budget s t u d i e s  a r e  n o t  s u f f i c i e n t l y  p r e c i s e  t o  be used a s  the  o v e r r i d i n g  

b a s i s  f o r  choosing atmospheric models. This conclus ion  should not be 

s u r p r i s i n g  cons ide r ing  the  p re sen t  s t a t e  of t h e  a r t  a s  i t  a p p l i e s  t o  our 

own atmosphere. There a r e ,  a f t e r  a l l ,  s t i l l  s e v e r a l  r eg ions  i n  the  

t e r r e s t r i a l  atmosphere whose heat budgets are poor ly  understood, n o t  t o  

mention a number of anomalies which a l s o  c o n t r i b u t e  t o  remaining uncer- 

t a i n t i e s ,  even though in t ens ive  experimental  and t h e o r e t i c a l  work has  

been c a r r i e d  o u t  over many decades. 

The atmospheric d a t a  obtained from t h e  Mariner IV o c c u l t a t i o n  

experiment have apparent ly  resolved s e v e r a l  important immediate problems, 

but have a l s o  r a i s e d  a l a r g e  number of more d e f i n i t i v e  ques t ions .  Of 

prime importance i n  f u t u r e  o c c u l t a t i o n  measurements would be t h e  a b i l i t y  
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t o  d e t e c t  lower i o n i z a t i o n  d e n s i t i e s  and t o  s tudy  both t h e  n e u t r a l  and 

ion ized  po r t ions  of t h e  atmosphere over d i f f e r e n t  topographica l  a r e a s  a t  

d i f f e r e n t  l a t i t u d e s ,  t i m e s  of day,  and seasons of t h e  year .  The h igher  

s e n s i t i v i t y  f o r  ionospher ic  measurements i s  needed t o  he lp  r e s o l v e  

remaining ambigui t ies  i n  t h e  model s t u d i e s  and i n  t h e  f i r s t - o r d e r  d e n s i t y  

and temperature p r o f i l e s .  Improved s e n s i t i v i t y  could be provided by a 

dua l  frequency experiment (20), and t h i s  would a l s o  make p o s s i b l e  exper i -  

mental s e p a r a t i o n  of d i s p e r s i v e  plasma e f f e c t s  from t h e  non-dispersive 

r e f r a c t i o n  of t h e  n e u t r a l  atmosphere. Repeated measurements a t  a l a r g e  

number of d i f f e r e n t  l o c a t i o n s ,  t i m e s ,  and seasons a r e  of obvious and 

c r i t i c a l  importance i n  t h e  atmospheric and ionospher ic  s t u d i e s ,  and i n  

a d d i t i o n  would impact on problems r e l a t e d  t o  g loba l  Martian weather,  t h e  

p o l a r  caps ,  topographic and e l e v a t i o n  d i f f e r e n c e s  between maria and 

d e s e r t s ,  and t h e  average o b l a t e  shape of t h e  p l a n e t .  The requirement for 

r epea ted  o c c u l t a t i o n  measurements obviously p o i n t s  t o  a simple r ad io -  

t ransponder  experiment i n  an o r b i t e r .  From t h e  o r b i t a l  parameters t h a t  

would be der ived  a s  p a r t  of t h i s  experiment, added information on t h e  

mass of Mars and i t s  h igher  g r a v i t a t i o n a l  moments could a l s o  be determined. 
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